Our laboratory has reported that mice that express a dominant negative form of transforming growth factor-β receptor restricted to T cells (dnTGFβRII) develop an inflammatory biliary ductular disease with raised serum levels of IL-12p40 and other proinflammatory cytokines and anti-mitochondrial autoantibodies (AMA), closely resembling human primary biliary cirrhosis (PBC). We have utilized this mouse model to address the potential mechanisms of immune modulation of the liver disease by creating two unique genetic strains, IL-12p40 KO-dnTGFβRII mice and IFN-γ KO-dnTGFβRII mice. The two colonies of genetically modified mice and, for purposes of controls the dnTGFβRII mice, were monitored for liver immunopathology, antimitochondrial autoantibodies, and intrahepatic cytokine production. Disease expressions in the IFN-γ KO-dnTGFβRII mice, including liver immunopathology, were similar to those of dnTGFβRII mice, whereas the IL-12p40 KO-dnTGFβRII mice had a dramatic reduction in histological autoimmune cholangitis and significant decreases in levels of intrahepatic proinflammatory cytokines, but similar levels of AMA compared to dnTGFβRII controls. In conclusion, these data indicate that in this mouse model of PBC, signaling via the IL-12p40 is an essential requirement for development of autoimmune cholangitis. The results of these studies will play an important role in identifying pathways and reagents that will selectively inhibit IL-12 signaling for the outlining of future therapeutic strategies for human PBC. We report herein that the deletion of IL-12p40 in dnTGFβRII mice led to a marked diminution in the levels of proinflammatory Th1 cytokines in the liver of dnTGFβRII mice with accompanying reductions in cellular infiltrates in portal tracts associated with diminished bile duct damage. However the deletion of IFN-γ in dnTGFβRII mice had no significant effect on the immunopathology of autoimmune cholangitis. Thus our data indicate that signaling via the IL-12p40 pathway(s) is a major determinant of the autoimmune cholangitis that affects dnTGFβRII mice.
Keywords dnTGFβRII mice; IL-12; Primary biliary cirrhosis; Anti-mitochondrial antibody Primary biliary cirrhosis (PBC) is an autoimmune liver disease characterized by the presence of anti-mitochondrial antibodies (AMA) associated with non-suppurative destructive cholangitis in the interlobular bile ducts (1, 2) . Several studies on human PBC have suggested that an autoimmune T cell response to the E-2 subunit of the mitochondrial enzyme complex PDC (PDC-E2) is a critical factor in the pathogenesis of PBC (3) (4) (5) (6) . We have recently reported that mice transgenic for directed expression of a dominant negative form of TGF-β receptor type II (dnTGFβRII), under the control of the CD4 promoter lacking the CD8 silencer, spontaneously develop an autoimmune biliary ductular disease, attributable to a dysregulated T-cell response, that histologically and serologically closely resembles human PBC (7) . Moreover CD8 T cells isolated from dnTGFβRII mice upon adoptive transfer to Rag1 knockout (KO) mice induce a PBC-like cholangitis in recipient mice (8) . However, the detailed mechanisms by which effector CD8 + T cells are recruited, and mediate biliary pathology in this mouse model remain unknown.
It is well established that cytokines produced by immune cells are major factors in the development of autoimmunity and, among these, IFN-γ and IL-12 have emerged as prototypic Th1 cytokines implicated in autoimmune inflammatory diseases (9) (10) (11) (12) (13) (14) (15) . In the case of, IL-12, the functional form of the cytokine is a heterodimer (p70) comprised of two disulfide linked subunits, p35 and p40. IL-12p70 is secreted by dendritic cells (DC) and macrophages after activation of Toll-like receptors (TLR) by a variety of ligands which include especially ligands for TLR9. Such activation induces the generation of Th1 responses by stimulating the production of IFN-γ, TNF-α, and various other proinflammatory cytokines (16) (17) (18) . IL-12 initiates its signaling by binding to its cognate IL-12 receptor expressed on NK cells and activated T cells (19, 20) .
We report herein that the deletion of IL-12p40 in dnTGFβRII mice led to a marked diminution in the levels of proinflammatory Th1 cytokines in the liver of dnTGFβRII mice with accompanying reductions in cellular infiltrates in portal tracts associated with diminished bile duct damage. However the deletion of IFN-γ in dnTGFβRII mice had no significant effect on the immunopathology of autoimmune cholangitis. Thus our data indicate that signaling via the IL-12p40 pathway(s) is a major determinant of the autoimmune cholangitis that affects dnTGFβRII mice.
Materials and Methods

Mouse strains
C57Bl/6J (B6), B6.129S7-IFN-γ tm1Ts (IFN-γ KO), and B6.129S1-Il12b tm1Jm (IL-12p40KO) mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Our colony of dnTGFβRII mice were bred onto a B6 strain background at the University of California at Davis animal facility (Davis, CA). To generate IL-12p40KO-dnTGFβRII mice, male dnTGFβRII mice were bred with female IL-12p40KO mice to obtain IL-12p40 +/-dnTGFβRII mice, which were subsequently backcrossed with female IL-12p40KO mice to obtain IL-12p40KO-dnTGFβRII mice. The parental dnTGFβRII and the derived IL-12p40KO-dnTGFβRII mice at 3-4 weeks of age were genotyped to confirm the dnTGFβRII gene and IL-12p40KO in their genomic DNA (7) . Similarly, IFN-γKO-dnTGFβRII mice were generated by backcrossing IFN-γKO mice to dnTGFβRII mice and the genotype confirmed. dnTGFβRII mice were fed sterile rodent Helicobacter Medicated Dosing System (three-drug combination) diets (Bio-Serv, Frenchtown, NJ), and maintained in individually ventilated cages under specific pathogen-free conditions. Sulfatrim (Hi-tech Pharmacal, Amityville, NY) was delivered through drinking water according to the manufacturer's instruction.
Serum immunoglobulins (Ig) and antimitochondrial antibodies
Levels of serum IgG, IgM, and IgA were determined using a murine IgG, IgM and IgA ELISA Quantitation kit (Bethyl laboratories, Montgomery, TX). Microtiter plates were coated with goat anti-mouse IgG, IgM, or IgA affinity-purified Ab and incubated overnight at 4°C. Plates were washed with PBS-T, and blocked with 200 μl of 50 mM Tris, 0.15 M NaCl, and 1% BSA (pH 8.0) for 30 min. Next the plates were washed with PBS-T, then 100 μl of test samples and standards were added to the wells and incubated for 1 hour at room temperature (RT), followed by PBS-T washes. 100 μl of a pre-determined optimum dilution of HRP-labeled goat anti-mouse IgG, M, or a Fc-specific mAb were added and incubated for 1 hour at RT. Plates were washed, developed with TMB substrate for 30 minutes, the reaction stopped with 2N H 2 SO 4 , and read at 450 nm with a microplate reader. Serum AMA was detected using an enzyme-linked immunosorbent assay (ELISA) based on recombinant murine PDC-E2 as described previously (21) . Immunoreactivity was determined by measuring the optical density (O.D.) at 450 nm after incubation with 100 μl of TMB substrate (BD Biosciences, San Jose, CA) for 30 minutes.
Pathology of liver
Portions of freshly isolated liver were immediately fixed in 10% buffered formalin solution for 2 to 3 days. Paraffin-embedded tissues were cut into 4-μm slices and stained with hematoxylin (DakoCytomation, Carpinteria, CA) and eosin (American Master Tech Scientific, Lodi, CA) (HE). The scoring of pathological changes in liver was performed by a "blinded" pathologist.
Flow cytometry
PBS-perfused livers were passed through a 100-μm nylon cell strainer (BD Bioscience, Bedford, MA), and re-suspended in PBS/0.2% BSA. The hepatocytes were removed as pellets by centrifugation at 700 rpm for 1 minute and the residual cells collected. Splenic tissue was disrupted between 2 glass slides and suspended in PBS/0.2% BSA. Lymphocytes from the suspended residual liver and spleen cells were gradient-isolated using Accu-Paque (density: 1.086, Accurate Chemical & Scientific Corp., Westbury, NY). After centrifugation, cells at the interface were collected and washed with PBS/0.2% BSA, and the viability of cells confirmed by trypan blue dye exclusion. Mononuclear cells were enumerated using a hemocytometer. For flow cytometry, cell preparations were incubated with monoclonal antibody (mAb) 2.4G2 for FcR blocking (BioLegend, San Diego, CA), and then stained at 4°C with a combination of fluorochrome-conjugated mAbs which included PE-conjugated anti-NK1.1 (Pharmingen, San Diego, CA), PE-conjugated anti-CD62L (Biolegend), Per-CPconjugated anti-CD8α (Biolegend), Per-CP conjugated anti-CD4 (Biolegend), Alexa Fluor 647 anti-TCR-β (Biolegend), APC conjugated NK1.1 (Biolegend), APC/Cy7 conjugated CD-4 (Biolegend), Alexa Fluor 750-TCRβ (eBiosciences), Fluorescein isothiocyanate (FITC)-conjugated anti-CD19 (eBiosciences, San Diego, CA), and FITC conjugated anti-CD44 (Biolegend). Multi-color flow analysis was performed using a FACScan flow cytometer (BD Immunocytometry System, San Jose, CA) upgraded by Cytec Development (Fremont, CA) to allow for a 5-color analysis. Acquired data were analyzed with CELLQUEST software (BD Biosciences). The numbers of CD4 + , CD8 + , CD19 + cells in liver and spleen were calculated based on flow cytometric analysis of stained cells with specific fluorochrome-conjugated Abs.
Liver cytokine and chemokine analysis
To extract total liver protein, 100-200 mg samples of frozen liver tissue were homogenized in TNE buffer (1% NP 40, 10 mM Tris-Hcl pH 7.5, 150 mM NaCl, 1 mM EDTA) containing a cocktail of protease and phosphatase inhibitors (Roche, Indianapolis, IN). The suspension was centrifuged at 12000 rpm for 20 min at 4 °C and the supernatant stored at -80 °C. Levels of IL-12p70, TNF-α, IFN-γ, MCP-1, IL-6, and IL-10 in the liver extracts were measured using the cytometric bead array (CBA) kit (Mouse Inflammation Cytokine Kit, BD Biosciences). Samples also were subject to flow cytometry using a FACScan flow cytometer and the data analyzed using appropriate BD CBA Software. Levels of monokines induced by IFN-γ (MIG, CXCL9) and IFN-γ inducible protein (IP-10, CXCL10) in liver extracts were measured using the Quantikine mouse MIG/CXCL9 and mouse IP-10/CXCL10 kit (R&D systems, Minneapolis, MN), respectively. The protein concentration of liver samples was measured using the BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA), which included protein standards.
Statistical procedures
Statistical analysis was performed utilizing a two-tailed unpaired Mann-Whitney test, oneway ANOVA test followed by Bonferroni multiple comparisons test, Kruskal-Wallis test followed by Dunn's multiple comparisons test, and Fisher's exact test. P values less than 0.05 were considered statistically significant.
Results
Depletion of IFN-γ does not inhibit autoimmune biliary disease
We have previously shown that the onset of autoimmune biliary ductular disease in dnTGFβRII mice is associated with a striking increase in the serum levels of the Th1 proinflammatory cytokine, IFN-γ (7). We therefore addressed the role of IFN-γ in this model by crossing IFN-γKO mice onto dnTGFβRII mice to generate the IFN-γKO-dnTGFβRII mice. Histological examination of the liver tissue sections from 6 month old mice demonstrated that IFN-γKO-dnTGFβRII mice had portal tract lymphocyte infiltrates and biliary ductular lesions equivalent to those in liver tissues from similarly aged wild-type dnTGFβRII mice (Fig. 1A and 1B) . Thus lack of the Th1 cytokine IFN-γ was insufficient to influence the course of liver disease in dnTGFβRII mice.
IL-12p40KO-dnTGFβRII
In contrast to the data on IFN-γ KO-dnTGFβRII mice and as illustrated in Fig. 2A , IL-12p40KO-dnTGFβRII mice had significantly fewer and smaller mononuclear cell (MNC) periductular infiltrates in hepatic portal tracts compared to dnTGFβRII mice. Indeed, of 7 IL-12p40KO-dnTGFβRII mice, 4 failed to show any detectable infiltrates (Fig. 2B) , and 3 showed only minimal cellular infiltrates. In addition, IL-12p40KO mice had a marked reduction in levels of bile duct damage compared with the control dnTGFβRII mice. Analysis of the relatively depleted intrahepatic lymphoid cell populations within the liver and spleen of selected IL-12p40KO-dnTGFβRII mice corroborated reduced numbers of cellular infiltrates since, compared to dnTGFβRII mice, absolute numbers of MNCs were significantly reduced in livers and spleens of IL-12p40KO-dnTGFβRII mice (Fig. 3 , dnTGFβRII liver: 81.9 ± 8.5 × 10 5 , IL-12p40KO-dnTGFβRII liver: 21.6 ± 4.8 × 10 5 , P<0.001; dnTGFβRII spleen: 12.5 ± 1.0 × 10 7 , IL-12p40KO-dnTGFβRII spleen: 5.9 ± 0.5 × 10 7 , P<0.001). Liver-infiltrating CD4 + T cells, CD8 + T cells, and CD19 + B cells were also reduced in the IL-12p40KO-dnTGFβRII mice (Fig. 3) . Together, these data indicate that deficiency in IL-12p40 strongly protected dnTGFβRII mice from inflammatory portal lymphoid cell infiltration and bile duct damage.
Serum levels of immunoglobulins and antimitochondrial antibodies
As shown in Fig. 4 , while the levels of IgG were higher in the serum of the IL-12p40KO-dnTGFβRII mice compared to normal B6 mice, these levels were comparable with those of dnTGFβRII mice (Fig. 4A) . On the other hand, the levels of IgA were significantly lower in IL-12p40KO-dnTGFβRII mice compared with those of dnTGFβRII mice, although were still higher than B6 mice (Fig. 4B) . Serum reactivity for anti-PDC-E2 was positive in all IL-12p40KO-dnTGFβRII mice, with OD levels by ELISA comparable to those of dnTGFβRII mice (Fig. 4C) , indicating that production of AMA, at least in this autoimmune cholangitis model, is not influenced to any detectable level by IL-12p40.
Effect of IL-12p40 deprivation on cytokine and chemokine production in the liver of IL-12p40KO-dnTGFβRII mice
Upregulation of the proinflammatory cytokines, IFN-γ, TNF-α, and IL-6 is associated with the expression of biliary disease in human PBC. Thus we analyzed the amount of proinflammatory cytokines and chemokine ligands in protein extracts prepared from liver tissues of 24-week old IL-12p40KO-dnTGFβRII mice; levels measured were normalized to the amount of total protein. As shown in Fig. 5 , while the protein extracts from the liver of IL-12p40-dnTGFβRII mice were slightly elevated compared to B6 mice, they contained significantly lower levels of TNF-α, IFN-γ, IL-10 and IL-6, and CXCL2 (MCP-1) compared with levels in protein extracts from dnTGFβRII mice ( Figure 5A ). As expected, IL-12p70 was undetectable in the liver of IL-12p40KO-dnTGFβRII mice, indicating that knockout of IL-12p40 did abrogate IL-12p70 production. Since the chemokine ligands CXCL10 (IP-10) and CXCL9 (MIG) are potent chemoattractants for receptors on activated T cells, and promote the migration of these cells to foci of inflammation (22) (23) (24) (25) , levels were measured in protein extracts from liver tissue of these mice. As shown in Fig. 5B , such levels were significantly decreased in the liver of IL-12p40KO-dnTGFβRII mice compared to dnTGFβRII mice.
Discussion
The aim of this study was to determine whether endogenous IL-12p40 and/or IFN-γ play a role in the development of inflammatory biliary disease in dnTGFβRII mice. We demonstrate herein that the deletion of IL-12 p40 gene by backcrossing IL-12p40KO mice to dnTGFβRII mice significantly protected offspring mice from developing autoimmune cholangitis as compared to control dnTGFβRII mice. Both infiltrating CD4 and CD8 T cells, and the production of proinflammatory cytokines in the liver were markedly decreased in IL-12p40KO-dnTGFβRII mice. Our data suggest that the development of autoimmune biliary disease in dnTGFβRII mice is dependent on signaling via the IL-12 pathway(s). Although IFN-γ is one of the proinflammatory Type 1 effector cytokines that could be a determinant of cholangitis, we found that deletion of the IFN-γ gene did not affect the liver immunopathology of dnTGFβRII mice.
IL-12 is a heterodimeric cytokine composed of a large (p40) and a small (p35) subunit. IL-23 (p40p19) has been recently described as a novel cytokine which shares the p40 subunit and several biological functions with IL-12 (26) . It is important to note that lack of the p40 subunit of IL-12 results in the absence of both IL-12 and IL-23 (18, 26, 27) . Although numerous studies suggest that IL-23 plays a critical role in autoimmune inflammation via triggering pathogenic Th-17 cells (28, 29) , recent studies in EAE have demonstrated that IL-12-and IL-23-modulated T cells induce distinct effector populations that use disparate immunological pathways to achieve a similar pathological outcome (30) . Given that TGF-β signaling is required by CD4 + T cells for the induction of pathogenic Th-17 cells, whereas in our dnTGFβRII mice, the TGF-β signaling has already been blocked and is incapable of Th-17 induction, the cholangitis in liver is most likely not due to the IL-23-mediated effector IL-17 pathway. Therefore, our findings suggest that signaling via the IL-12 pathway(s) is more important than IL-23 in the pathogenesis of autoimmune cholangitis in this model.
Although knocking out IL-12p40 strongly inhibited cholangitis in dnTGFβRII mice, these KO mice still had AMA in their serum, at levels comparable with those of control dnTGFβRII mice. This finding suggests that synthesis and upregulation of IL-12p40 is not a pre-requisite for the production of AMA by B cells in this model. Our recent data have also demonstrated that at least one subset of B cells has a "suppressor" effect on the inflammatory response in the development of cholangitis; a genetic deficiency of B cells led to the augmentation of not only the PBC-like liver disease but also the coexisting colitis in this model (31) . These findings suggest that autoreactive B cells may not be a major factor in the induction of either cholangitis or colitis in the IL-12p40KO-dnTGFβRII mice. These data also highlight the independent feature of the altered immunopathology of IL-12p40 mice and AMA production. Future studies will focus on the possible role of B regulatory cells in modulating this disease. We also will study other combination of double genetic altered strains including, for example, IL-6 knockout in a dnTGFβRII mouse.
We also demonstrated that proinflammatory cytokine levels were not only increased in the serum but also in liver extracted protein of dnTGFβRII mice. The deletion of IL-12p40 causes a significant decrease in levels of these cytokines followed by protection from cholangitis, suggesting that the proinflammatory cytokines do participate in the pathogenesis of the PBC-like liver disease. However, deletion of IFN-γ in these dnTGFβRII mice did not confer protection from disease, indicating that IL-12 in this animal model acts 'upstream' in the development of PBC-like liver disease which can thus proceed in the absence of the IFN-γ cytokine. Our findings are in agreement with previous observations that IFN-γ is dispensable for the development of autoimmunity (32, 33) . The basic question, however, remains the relationship between the immunopathology and the cholangitis in IL-12p40-triggering Th1 cells in the absence of IFN-γ. We suggest that further studies using other knockout combinations will focus on this problem.
Several studies have been conducted on the intracellular signaling pathways that are involved in translating dialog at the cell membrane into biological function following ligation of IL-12 receptor by the cognate IL-12 cytokine (34, 35) . These studies demonstrate that there are marked differences in the amount of IL-12 that is synthesized by dendritic cells depending on the particular TLR pathway that is used for its induction (36) (37) (38) . A more recent study appears to indicate that the kinetics of RelA activation and in particular serine536 phosphorylation of RelA plays a critical role in controlling the variables that regulate biological activity of IL-12 induction, with a prominent role for TLR9 in inducing high levels of IL-12 (39) . Finally, we should also note the possibility that IL-12 may be integrally related to the pathogenic homing of autoreactive CD8 cells to liver. The results of these studies will play an important role in identifying pathways and reagents that will selectively inhibit IL-12 signaling for the outlining of future therapeutic strategies for human PBC. Histological evidence of cholangitis in the liver of IFN-γKO-dnTGFβRII mice. A. HEstained liver sections of IFN-γKO-dnTGFβRII mice demonstrate lymphoid cell infiltration in portal tracts around bile ducts (arrow, left panel) and a damaged bile duct within the cellinfiltrated portal area (double arrow, right panel). B. Scoring of liver portal inflammation and bile duct damage in IFN-γKO-dnTGFβRII mice (left) compared to wild-type dnTGFβRII mice (right) was coded as follows: 0, no inflammation (or bile duct damage); 1, mild inflammation (or bile duct damage); 2, moderate inflammation (or bile duct damage); 3, severe inflammation (or bile duct damage). The scores were deemed to be equivalent. Protection from cholangitis in liver sections from IL-12p40KO-dnTGFβRII mice. A. HEstained tissue sections of liver from dnTGFβRII mouse (left panel) demonstrate lymphoid infiltration in portal tract. In contrast, liver sections from IL-12p40KO-dnTGFβRII mice (right panel) demonstrate absence of lymphoid infiltration. B. Scoring of portal inflammation and bile duct damage in the liver of dnTGFβRII mice, IL-12p40KO-dnTGFβRII mice and normal B6 mice were coded as noted in Fig. 1B . * P <0.05, ** P <0.01, *** P <0.001 using Kruskal-Wallis test followed by Dunn's multiple comparisons test. Flow cytometric analysis of the number of total mononuclear cells (MNC), CD19 + B cells, CD4 + T cells and CD8 + T cells among liver and spleen cells from dnTGFβRII mice (n=7), IL-12p40KO-dnTGFβRII mice (n=7) and B6 mice (n=6). Data are shown as mean +/-S.D. *P<0.05, ** P <0.01, *** P <0.001 determined using the one-way ANOVA test followed by Bonferroni multiple comparisons test. Levels of immunoglobulins G and A, and anti-PDC-E2 antibody, in serum of dnTGFβRII mice, IL-12p40KO-dnTGFβRII mice, and normal B6 mice. Horizontal bars represent median values. An OD values of anti-PDC-E2 antibody > 3 standard deviations above the means of that for normal B6 mice was considered positive. ** P <0.01, ***P<0.001 determined by one-way ANOVA test followed by Bonferroni multiple comparisons test. Hepatic profiles of inflammatory cytokines and chemokines in whole protein extracts prepared from the liver of dnTGFβRII (n=7), IL-12p40KO-dnTGFβRII (n=7), and B6 (n=6) mice. Assays for levels of (A) IL-12p70, TNF-α, IFN-γ, MCP-1, IL-10, and IL-6, and (B) IP-10 (CXCL10) and MIG (CXCL9). Results are shown as mean levels +/-S.D. *P<0.05, ** P <0.01, *** P <0.001 determined using the one-way ANOVA test followed by Bonferroni multiple comparisons test.
